The objective of this study was to evaluate inbreeding depression in Holstein cows in Brazil, considering their 305-day milk production (MP), age of first calving (AFC), and calving interval (CI). The effects of inbreeding depression on the traits were determined using four regression models (linear, quadratic, exponential, and Michaelis-Menten) about the errors generated by the animal model. The linear model was significant for CI, and the quadratic model was significant for CI and AFC. The Michaelis-Menten and exponential models were significant for MP, AFC, and CI. Inbreeding depression affected MP and CI. Cows with inbreeding coefficient of 15% produced approximately 260 kg less milk than non-inbred cows. A 1% increase in the inbreeding level resulted in an unfavorable increase of CI of 1.88 days. The quadratic and exponential models showed no variations for CI with increasing inbreeding level; however, the Michaelis-Menten model showed a positive effect of inbreeding on CI. Despite of the small number of inbred Holstein cows, the inbreeding negatively affected milk production and calving intervals. Therefore, breeders should monitor their cattle inbreeding levels. The Michaelis-Menten and exponential non-linear models are best suited to fit inbreeding data of Holstein cows.
Introduction
Inbreeding is the production of offspring from the breeding of individuals that are closely related genetically. It leads to loss of genetic variability and increased frequency of undesirable deleterious alleles; as a result, it may cause reproduction and production problems in animals (Croquet et al., 2007) .
The hypothesis of partial dominance shows that inbreeding increases the frequency of homozygotes; thus, inbreeding depression is caused by the expression of deleterious recessive alleles in homozygous individuals (Jones, 1917; Croquet et al., 2007) . combined with selection methods using family information, such as the best linear unbiased prediction, has resulted in increased inbreeding levels (Kearney et al., 2004) . The decreased genetic variability and decreased production performance, known as inbreeding depression, are related to increased inbreeding levels (Falconer and Mackay, 1996; Smith et al., 1998) . According to Carrillo and Siewerdt (2010) , inbreeding depression is the decreased heterozygosis combined with the negative consequence of homozygosis in some locus, which directly affects the ability of using the genetic effects of direct dominance.
Several studies have presented unfavorable relationships between production and reproduction traits of cattle with inbreeding (Cassell et al., 2003; Panetto et al., 2010; Reis Filho et al., 2015) . Moreover, according to Kearney et al. (2004) , inbreeding increases genetic disorders, such as bovine leukocyte adhesion deficiency (BLAD) and complex vertebral malformation disease (CVM), and may limit the efficiency of genetic selection because of the decrease in genetic variability.
The regression of the phenotypic performances of the animal on the inbreeding coefficients has been used to estimate the inbreeding depression effects on traits of economic interest (Croquet et al., 2007) . Ralls et al. (1988) showed that both linear and exponential models fit the data equally well, as long as the inbreeding levels are low to moderate. Due to the usually limited range of inbreeding coefficients in livestock populations, non-linearity is difficult to detect (Kristensen and Sorensen, 2005) . However, linear regression model is commonly used in studies that explain the relationship between animal performance and inbreeding (Carrillo and Siewerdt, 2010; Panetto et al., 2010) .
Studies on inbreeding depression in Holstein cows were performed using populations raised in temperate climate (Mc Parland et al., 2009; Rokouei et al., 2010; Dadar et al., 2014) under different management and production systems. Studies about the inbreeding effects on milk production traits in tropical climate animals were carried out by Soares et al. (2011) and Pryce et al. (2014) using Holstein and Jersey dairy cows in Brazil and Australia, respectively. Thus, information on the effect of inbreeding depression on production and reproduction traits in Holstein animals raised in tropical climate is essential for breeders because of possible consequences of increasing inbreeding in their herds.
The objective of the present study was to evaluate the effect of inbreeding depression on reproduction and production traits of Holstein cows by using four different regression models: linear, exponential, quadratic, and the Michaelis-Menten.
Material and Methods
The data used were provided by the Associação Brasileira de Criadores de Bovinos da Raça Holandesa (ABCBRH). The database was composed of pedigree information of 204,511 animals; 35,652 records of 305-day milk production (MP); 22,033 records of age at first calving (AFC); and 22,085 records of calving intervals (CI) in herds from the South and Southeast regions of Brazil (Table 1) .
Pedigree and inbreeding estimation analyses were performed using the ENDOG 4.6 program (Gutiérrez and Goyache, 2005) . The inbreeding coefficient (F) was calculated using the algorithm proposed by Meuwissen and Luo (1992) . Inbreeding depression was analyzed using data of animals with at least 2.5 known equivalent generations. The contemporary groups were composed of animals from the same herd, year of birth, and calving season (January to March, April to June, July to September, and October to December). Breeding values were predicted using an animal model with an individual analysis for each evaluated trait.
The effect of inbreeding on the study traits of Holsteins was determined by adjusting four regression models based on errors generated in the analysis of the animal model, as described by Carrillo and Siewerdt (2010) . The general form of these regression equations is:
in which e i is the estimated errors in the vector; Φ(F i ) is the estimation of the regression function on the animal inbreeding (F x ); ε i is the deviations from prediction errors in the regression function; X is the incidence matrix of fixed effects; β is the solution vectors of the fixed effects; Z 1 is the incidence matrix of the additive direct genetic random effects; and a is the solution vectors of the additive direct genetic effect.
The regression models evaluated were:
). Residual variances were compared as adjustment adequacy measures.
Results
The mean F of the Holstein cattle evaluated was 0.17%, considering the animals with at least 2.5 equivalent generations (35,652 individuals). The mean F of the inbred animals (847 animals) was 6.02%, with only 22 individuals presenting F above 20% (Figure 1 ).
The descriptive statistics of MP, AFC, and CI is presented in Table 1 .
The residual variances for the linear, exponential, and Michaelis-Menten models were similar, ranging from 6,275.7 to 6,279.8 for AFC; 7,355.3 to 7,374.8 for CI; and 1,121,893.0 to 1,121,906.0 for MP. The quadratic model had values slightly different when compared with the other evaluated models, presenting 6,151.2 for AFC; 7,249.3 for CI; and 1,122,115 for MP.
The inbreeding effect on a trait can be studied by the regression coefficients from the models. The coefficient of regression of the inbreeding on MP presented significance (P<0.05) only for the Michaelis-Menten and exponential models ( Table 2 ). All evaluated models were significant (P<0.05) for CI (Table 2) . Contrastingly, only the linear model was nor significant for AFC.
The adjustment of the exponential and Michaelis-Menten models was constant along the inbreeding levels ( Figure 2 ). Cows with F value of 15% produced approximately 2 to 9 kg less milk than 5% inbred cows. 1 to 5% 5 to 10% 10 to 15% 15 to 20% 20 to 25%
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The quadratic, Michaelis-Menten, and exponential models were significant (P<0.05) for AFC. The quadratic model showed an unfavorable effect of inbreeding on AFC, which increased with increasing inbreeding (Figure 3 ). The Michaelis-Menten and exponential models showed no variations in AFC with increasing inbreeding levels ( Figure 3 ). The adjustments of the linear and exponential models were similar along the different inbreeding levels (Figure 4) ; Holsten cows with F of 15% had approximately 18 more days in CI than animals with F of 5%. The Michaelis-Menten model was constant along the inbreeding levels; animals with F of 15% presented 0.85 less days in CI than those with F of 5%.
Discussion
The mean inbreeding (F = 0.17%) of animals with at least 2.5 equivalent generations and the mean F of inbred animals (6.02%) indicate that the subpopulation was relatively large and was not closed (i.e., external genetics have been used by long period of time).
According to Silva et al. (2016) , a small F value may indicate that few bulls were used intensively, probably due a more balanced use. These factors result in insufficient information of the ancestry and consequently, underestimation of F; therefore, the mean F decreases for inbred animals evaluated over 12 generations.
The results of mean MP (9,133±2,338 kg) were higher than that found by Campos et al. (2012) in a study on Holstein cows in Brazil (8,415±1,910 kg). The mean MP in Brazil has grown significantly over the last decades (Dürr et al., 2011) , from 4,521 kg in 1985 (Boligon et al., 2005) to approximately 8,500 kg in 2015 (Campos et al., 2015; APCBRH, 2017) . The increased mean MP per Holstein cows in Brazil is a result of improvements in nutritional management systems and application of technology for effective use of animals with greater genetic merit. The linear, exponential, and Michaelis-Menten models showed small differences in residual variances; similar values of residual variance indicate similar adjustments to the models evaluated (Malhado et al. 2013 ). According to Panetto et al. (2010) , the minimum and maximum values of the evaluated traits can affect the values of residual variance; they reported that cows with high AFC tend to have an increased residual variance, but this does not efficiently represent animal productions.
The effect of inbreeding on the traits of interest is usually found by the estimates of the inbreeding regression coefficients. This is obtained with the application of different models on the evaluated traits. The linear correlation between inbreeding and production traits is based on the partial dominance (Carolino and Gama, 2008) and also in overdominance theory, which considers the loss of heterozygosis and an increase in the frequency of deleterious recessive homozygotes. However, a nonlinear decrease in the mean value of a trait with increasing inbreeding indicates the involvement of epistasis in the inbreeding depression of this trait (Charlesworth and Charlesworth, 1999) . According to Kristensen and Sorensen (2005) , this hinders the interpretation of this relationship due to the presence of different elements that are not directly connected to inbreeding.
The inbreeding regression coefficient of MP was not significant for the linear and quadratic models. However, Malhado et al. (2013) used a similar methodology for inbreeding depression and its effects on production and reproduction traits of Murrah buffaloes and found that the four models (linear, quadratic, Michaelis-Menten, and exponential) were significant (P<0.05) for MP.
The quadratic model has been widely used in studies on the relationship between inbreeding and production and reproduction traits (Mc Parland et al., 2007; Carolino and Gama, 2008; Casellas et al., 2009; Carrillo and Siewerd, 2010) . However, Carolino and Gama (2008) found non-significant quadratic effect for 15 traits of economic interest in beef cattle. Studies on Holstein cows reported a significant effect of the quadratic model for eight out of 17 conformation (type) traits and for two management and three reproduction traits (Mc Parland et al., 2007) .
According to Malhado et al. (2013) , the linear model provides only a reasonable approximation of the phenomenon when using lower inbreeding levels. When inbreeding is greater than 20%, the Michaelis-Menten model showed greater inbreeding depression for MP, lactation period, AFC, and CI of Murrah buffaloes, indicating the non-linearity effect. Carrillo and Siewerdt (2010) also reported that the Michaelis-Menten model had a more precise representation of the occurrence of inbreeding depression under higher inbreeding levels in the population.
The inbreeding regression coefficient for reproduction traits was not significant only for AFC evaluated with the linear model. Malhado et al. (2013) also found no significant effect of the linear model on AFC or CI of female buffaloes, but the results showed a significant effect of the exponential and Michaelis-Menten models for these two traits.
Reis Filho et al. (2015) studied Gyr cows and included F in an animal model to test its linear and linear and quadratic effects. The authors observed that the model with the linear and quadratic effect of F was better adjusted for AFC and CI than the model with only the linear effect.
The exponential and Michaelis-Menten models showed low effect of inbreeding depression on MP (Figure 2 ), considering the different inbreeding levels. Croquet et al. (2007) reported different inbreeding depression for MP of Holstein cows with linear, quadratic, and cubic regression models, according to inbreeding levels; this denotes that inbreeding coefficients from 0 to 10% result in small differences between the three models. However, with the F value ranging from 6 to 10%, the inbreeding depression in the cubic regression model was higher than that found with the other models (Croquet et al., 2007) .
Milk production almost did not decrease with the increase of F value (Figure 2 Thompson et al. (2000) used the linear model and found a decrease of 55 kg in MP of Holstein cows with inbreeding higher than 7.0%.
The increase in F increased AFC of Holstein cows in Brazil when adjusted for the quadratic model ( Figure 3) .
Positive effects of inbreeding on AFC were found in female Murrah buffaloes (Malhado et al., 2013) .
Conversely, some studies have reported a negative effect of inbreeding on AFC; for example, Mc Parland et al. (2007) reported an increase of 2.5 days in AFC of Holstein cows with endogamy value of 12.5%. In addition, Rokouei et al. (2010) evaluated populations of Holstein cattle in Iran and found a negative effect of inbreeding on AFC; it increased AFC in 0.45 days for each 1% increase in the inbreeding level. According to Thompson et al. (2000) , inbreeding levels above 10% are connected with higher AFC in the Holstein breed, and inbreeding levels below 7% appear to be connected with lower AFC, representing three to five days less in AFC when compared with non-inbred animals.
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The increase in inbreeding level affected CI of the animals. Similar to that observed for AFC, the quadratic model showed a significant effect of inbreeding on CI. Mc Parland et al. (2007) also reported negative effects of inbreeding on CI of Holstein cows when using the linear model; they found that inbreeding depression increased CI in 0.7 days for each 1% increase in inbreeding level. Rokouei et al. (2010) evaluated Holstein cows at first and second lactation in Iran and found no increase in CI with increasing inbreeding levels. However, they found a significant effect on CI in cows at third lactation, with increase of 0.53 days for each 1% of increase in the inbreeding level. Panetto et al. (2010) reported effects of inbreeding depression on AFC and CI in Guzerá cattle in Brazil.
This divergent results and difficulty in choosing models that best represent the effect of inbreeding are found among several previous studies (Croquet et al., 2007; Carrillo and Siewerdt, 2010; Reis et al., 2015 and Malhado et al., 2013) . It may indicate an uncertainty about the choice of a model that best fits the complex biological effect of inbreeding on reproduction and production traits.
Losses due to inbreeding may differ according to population, environment, management, breeding systems, and traits of the evaluated animals (Leroy, 2014) . Leroy (2014) reported a larger decrease in production traits than in other trait categories such as reproduction, survival, conformation, weight, and growth. DeRose and Roff (1999) reported that traits connected to survival, production longevity, fertility, and resistance to diseases present greater losses with increasing inbreeding level compared with morphological traits such as conformation traits in dairy cattle.
According to Carolino and Gama (2008) , greater losses in economic traits due to inbreeding is expected for animals of pure lineages raised under intensive systems than for those from commercial herds under extensive systems and subject to low selection level. This may partially explain the results observed in this population which is of commercial herds (Silva et al., 2016) with low selection level.
Inbreeding depression leads to increased homozygosity in animals, which can cause lower fitness of the individuals to recessive detrimental mutations, besides decreasing the loci with heterozygous advantage (Charlesworth and Willis, 2009; Malhado et al., 2013) . The frequent linear association between endogamy and animal traits is compatible with the dominance hypothesis, denoted by the loss of heterozygosis and increase of deleterious recessive homozygotes as inbreeding increases, ignoring the epistatic effect (Carolino and Gama, 2008) .
The constant monitoring of the inbreeding levels is important to prevent problems such as inbreeding depression. The misuse of animal mating techniques in selection programs may contribute to increase inbreeding levels above the acceptable limits. 
